Summary. Geomagnetic variations recorded on the deep sea floor of the North-west Atlantic basin have been combined with simultaneous data recorded at nearby land stations to deduce the electrical resistivity structure to depths of several hundred kilometres. Over a period interval between about 30 min and one day, vertical gradients of the geomagnetic field variations are simply interpreted as induction from a plane two-layer structure with resistivity of about 7-20 S2 m in the upper 100 km, increasing to > 20 S2 m below. The lack of suitable high-frequency data precluded resolution of structures within the upper 30-50 km. The resistivity value implied for depths below 100 km is comparable to that deduced from similar studies in the Pacific Ocean basin.
Introduction
Much emphasis has recently been directed toward understanding the thermal structure of the lithosphere and asthenosphere using electrical conductivity measurements. The mean radial electrical conductivity distribution in the upper mantle has been deduced from low frequency geomagnetic field variations due to external sources, routinely recorded at magnetic observatories (Banks 1969; Parker 1970; Jady 1974) . Ultra-low frequency magnetic variations of internal origin, assumed to be associated with hydromagnetic motion in the Earth's core, have been used to infer the conductivity principally of the lower mantle (Currie 1968) . Both types of studies assume a radially symmetrical Earth structure.
Surveys with portable instrumentation on a smaller scale either have been located on continents (Reitzel ef al. 1970) or have focused on the structural discontinuity of the ocean-continent boundary (Cox, Filloux & Larsen 1970; Greenhouse 1972; Hyndman & Cochrane 1971) . The present study is an attempt to avoid the complications of structure and the geometry of induced current flow associated with the ocean-continent transition and active tectonic regions by focusing upon the electrical conductivity structure of a mature oceanic lithosphere (80-1 50 My in age) distant from continental margins.
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Geomagnetic time variations have been recorded at four seafloor sites ( Fig. 1 ) during two field experiments in the North Atlantic south of Bermuda. An experiment with one magnetometer in 1973 March-June occupied successive sites on the Hatteras Abyssal Plain (27" 51' N, 70" 40' W; 27" 09' N, 69" 32' W: SF2 and SF3 respectively), while a programme in 1974 August-November deployed two magnetometers simultaneously south and east of Bermuda (28" 01' N, 63" 00' W; 30" 00' N, 56" 30'W: SFA and SFC respectively). Sea surface geomagnetic variations have been estimated using simultaneous recordings from the geomagnetic observatory at Fredericksburg, Virginia (FRV) for stations SF2 and SF3. Copies of normal-run magnetograms (18 in day-') from FRV were digitized, then plotted and compared visually with the original record for accuracy. For stations SFA and SFC, records were digitized from a portable land magnetometer on Bermuda (BER), installed for this purpose for the duration of the seafloor magnetometer recordings in 1974. Timing inaccuracies of up to several minutes of the portable instrumentation during parts of the recording period in 1974 may have limited the usefulness of the high-frequency data, as (Anonymous 1971) . The sensors form part of the inductor of a free-running oscillator circuit operating at about 5 MHz. The effective inductance is a function of the magnetic field component oriented in one direction with respect to the sensors. Orthogonal field components are measured to a precision of about +O. 1 y. Field values are recorded digitally every 64 s for each sensor. The sensors have a noise level of about 0.2 y at the hghest frequency, approximately 0.5 cycles min-', but there is an increasingly larger background noise level at longer periods. The signal-to-noise ratio is typically about 1O:l for periods up to about 3 days; for longer periods the ratio decreases significantly, effectively limiting the usefulness of the data for this purpose to periods less than about 3 days.
Analysis (Vertical Gradient Method)
In its basic formulation, Cagniard's (1953) magnetotelluric method requires simultaneous measurements of the varying electric field, as well as magnetic field components. However, for a horizontally-layered structure, the vertical gradient of the horizontal magnetic field variations can be related to the electric field through Maxwell's equations as 
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where u is the electrical conductivity; x, y , and z are the north, east and vertical (positive downwards) orthogonal directions; and H and E are the magnetic and electric fields, respectively, with time dependences given by an (assumed) multiplying factor exp (iwt). If the horizontal field gradients are much smaller than vertical field gradients, as commonly found at mid-latitudes in the oceans over a broad frequency band, then we can write where Z(w) is the Cagniard impedance at angular frequency w. The ocean is a favourable environment for the use of this method. The high conductivity of seawater (about 3 mho m-I) creates a large vertical gradient, as seen from equation (l), so that the method is readily applied if simultaneous geomagnetic variations are recorded at the sea surface and seafloor.
A more useful expression for Z(w) at the sea surface ( z = 0) is obtained from the equations governing the magnetic field within a conducting layer (Schmucker 1970 , chapter 5). Equation (1) then becomes where R = H(d)lH(O), po is the magnetic permeability, d is the thickness of the conducting first layer with conductivity q (seawater in this case). This is an exact solution with no approximations; the source field wavenumber can be easily incorporated into the expression if its effect becomes large. The impedance can be recalculated at the seafloor using the same equations.
The derivation of (1) assumes the seafloor structure to be an electrically isotropic, laterally homogeneous, layered medium. The key assumptions in the implementation of (1) to our data are: (i) Magnetic field variations at the sea surface can be estimated from nearby land stations, and (ii) horizontal field gradients are much smaller than vertical field gradients.
The technique of lateral extrapolation of shore-based magnetic variation data to estimste variations at the sea surface above the seafloor stations implies that no locally-induced variations exist; the source fields must be uniform at least over the area under study. Within the oceans there must be no magnetic fields induced by water motion and there must be no anomalous magnetic field variations at the reference station (i.e. the structure must be isotropic and horizontally layered). Both continental margin and island stations may be subject to edge effects.
With uniform source field variations, the assumption of an isotropic, homogeneous, horizontally-layered medium implies that vertical field variations on the seafloor will be small. These are observed (Figs 2 and 3) to be of very low amplitude except at diurnal periods. The small vertical variations which do exist are not coherent with the horizontal variations, indicating an external origin or the effects of 'noise'. If the structure is twodimensional, induced vertical variations are expected to be coherent with some component of the horizontal variations. Horizontal anisotropy cannot be tested by this method and is assumed to be nonexistent.
Vertical field variations could be induced in a horizontally isotropic and homogeneous structure if externally-generated source fields vary horizontally; and induced vertical field variations would be expected to have horizontal length scales similar to those of the source field variations. At mid-latitudes, these have long horizontal wavelengths, with typical wavenumbers of 2 x 10-3km-1 or less for periods from about one hour to one day (Cox et al. 1970 , and this study). Because of the considerable distances of the principal land reference stations from the seafloor sites in this study (up to 1400 km), however, it may be necessary to include a correction to account for this horizontal non-uniformity of fields. A study (Poehls 1975 ) of field ratios between the reference stations in this study area indicates wavenumbers of 3 x 104km-' or less for periods > 1 h, so that corrections have not been made to the data presented here. Nevertheless, this imperfectly-known correction adds uncertainty to our interpretation. Moreover, the increasing non-uniformity of fields with increasing frequency limits the bandwidth of useful data.
Geomagnetic variations at FRV have an anomalously small coast effect (Hyndman & Cochrane 1971) probably due to high conductivity well inland (Edwards & Greenhouse 1975) . The coast effect is usually seen in anomalous vertical magnetic field variations near the structural transition (Schmucker 1970 ). Since we use only horizontal field variations in our analysis, FRV should be a suitable reference station. Islands are known to have negligible anomalous horizontal field Variations over most of their interior, especially if there is no anomalous vertical field induction (Larsen 1968 ). Since our data at BER do not show anomalous vertical response at any frequency, we assume that both conditions are satisfied. However, the island effect may result in suppressed horizontal field variations over the interior of the island.
The theoretical island effect (Larsen 1975 ) is based upon the assumptions of a nonconducting island and upper mantle, with the ocean modelled as a thin conducting sheet. (Table 2) .
the island are equivalent to those at a depth 0.5d within the ocean (where d is the depth of the ocean). If this is the case, the resulting impedances are twice those calculated by (2). The model of Bermuda as a nonconducting island is supported by heat-flow measurements (Hyndman, Muecke & Aumento 1974) , which indicate a low porosity and undisturbed temperature field in rocks within the upper few hundred metres of Bermuda. However, the mantle rocks of the ocean basins are not non-conducting, and indeed may even have relatively high conductivity at shallow depths (Cox et al. 1970; Greenhouse 1972) . The electrical currents flowing in the upper mantle at depths of a few tens of kilometres will detract from the effects of induction in the ocean, and therefore decrease the island effect (Honkura 1973) . For the contrasting induction model, where virtually all the electric currents flow in the deep mantle, the island and ocean magnetic variations become equivalent. Table 2 ). Note relatively low activity on vertical component, except at diurnal periods.
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The data available to us are insufficient to determine which, if any, of these models is most nearly correct. Some indication of the magnitude of the island effect at Bermuda may derive from the observation that horizontal field variations at BER are 10-30 per cent less than at FRV, except at periods shorter than 30 min where a greater decrease is found. If variations at FRV are equivalent to those at the sea surface, then the island effect at Bermuda is less than that expected from the model assumed by Larsen. However, it is not clear that variations at FRV are equivalent to those over the sea surface, since FRV may show anomalous variations as previously mentioned. Also, the difference in the Variations between FRV and BER may be mostly due to latitudinal gradients of the source fields.
The above discussion gives some indication of possible errors admitted into the analysis by an incomplete understanding of the island effect on Bermuda. In view of the uncertainties, we have assumed that the island and ocean fields are equivalent. If Larsen's model is more nearly correct, then we may have underestimated the apparent resistivities and depths calculated from the response functions equation (2). The underestimate is likely to be greatest at short periods where a greater part of the induced electrical currents are within the oceans. Although this gives additional uncertainty to the absolute values of resistivity vs depth deduced from our data, it does not change the sense of the contrasts of these parameters in the model presented. As we show below, the errors associated with our preferred model are sufficiently large to accommodate these uncertainties.
Data analysis
Data analysis can be readily divided into sections of relatively quiet diurnal variations and sections of active storm or substorm variations. The two types of variations will be independently analysed but combined for modelling.
During quiet periods (Fig. 4) the geomagnetic spectrum is dominated by the diurnal variation and its harmonics. Amplitude spectra from seafloor variations show large peaks for the first three harmonics and for the lunar semi-diurnal variation M , (12.424~ period). The amplitude of M , is nearly half that of S , on both Bermuda and the seafloor. In order to obtain an uncontaminated Sz harmonic, record sections must be at least 15 days in length.
The diurnal harmonics are treated as a deterministic signal superimposed upon white noise. The noise contribution is estimated from neighbouring frequency bands by bandaveraging. The standard deviation of both the real and imaginary parts of the diurnal estimates is taken to equal l/& times the background noise.
Ratios between the seafloor and sea surface geomagnetic variations for the first three diurnal harmonics of the y-component (east) are calculated from the amplitude and phase spectra for several data sections (Table 1 ). The average ratios (Fig. 5) for SF, which include data for both SF2 and SF3, were initially variably referenced to FRV and BER. FRV is situated a considerable distance from SF (1400 km), and phase differences between FRV and BER or MHB are large and inconsistent compared to those between BER and MHB. Therefore, only the ratios referenced to BER were used in the analysis for the diurnal harmonics.
Transfer functions for the magnetic. storm/bay continuum are estimated from the cross-spectra using either tensor or scalar analysis. The tensor transfer functions can be written in the frequency domain as x = R x x X + R x y Y y = R y x X + R y y Y (4) and where x and y are the (complex) magnetic field components at the seafloor, X and Y those at the surface, and the R's are transfer functions. The asterisks indicate complex conjugate and the brackets indicate band-averaged power and cross-spectral estimates. The difference between the scalar and tensor analysis can quickly be appreciated. R , exactly represents its scalar equivalent (R,) if and only if M Y * ) = 0. In general, (XY*) + 0, causing the scalar analysis to be less stable because it does not include all possible field relationships. The tensor analysis also allows transfer functions to be rotated into the direction of the most coherent orthogonal magnetic field variations.
The data sections used in the continuum analysis consist of 5 or 8 days of storm or substorm activity (Figs 2 and 3 ; Table 2 ). Several events with different spatial dimensions are thus averaged into each transfer function estimate, which may help to alleviate the uncertainty of horizontal (latitude) corrections between sea surface (reference) and seafloor data due to non-zero but varying wavenumbers of the source fields. The tensor transfer functions for the continuum data (Fig. 5) have been rotated into the direction of maximum diagonal elements and only the diagonal elements are shown. The offdiagonal elements are at least one order of magnitude smaller in most cases. Several points are worth mentioning about the transfer functions. First, the R , transfer functions give more consistent results than the Ryy, especially in the phase estimates. This result is somewhat surprising because the multiple coherence between variations on the seafloor and at the reference stations is slightly higher for the y-component than for the x-component. Second, the amplitudes of the Ryy transfer functions appear systematically somewhat larger than those for R, , at high frequencies; the low-frequency values are comparable. And fmally, the tensor rotation angle is not a constant function of frequency but instead it increases with frequency.
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Although the above observations might be explained by deviations from a onedimensional conductivity structure, a better explanation can probably be found with the source fields. The X and Y magnetic variations may have different lateral gradients, causing an apparent anisotropy in transfer function amplitudes and the non-systematic changes in the tensor rotation angle. A frequency dependent wavenumber (with the wavenumber of the low frequencies being the smallest) can explain the better agreement between R , and Ryy at low frequencies. The lower amplitude fluctuations for the y-component might explain the poor phase estimates for the Ryy transfer functions. Therefore apparent resistivities and phases calculated only from the R , transfer functions of the continuum data (Fig. 6 ) will be used for modelling. Since we have assumed a one-dimensional structure, the diurnal transfer functions calculated from the Y-component variations have been included with the R , transfer functions derived from the continuum data for modelling purposes. This combination of reduced data from orthogonal components should not limit the applicability of one-dimensional models.
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Datacompatible models
The apparent resistivities and phases calculated from (2), when corrected to the seafloor, show the gross resistivity structure at each site. Apparent resistivity curves are always smoothed versions of the true resistivity structure and are biased toward low-resistivity layers, in that any low-resistivity layer will tend to dominate the structure.
Both resistivity and phase data for periods between 3 x lo3 and 2 x 104s indicate a nearly constant resistivity of 6-12 S2m. Data for periods shorter than 3 x 103s have incompatible resistivity and phase trends, and therefore are not used in this analysis. Apparent resistivities and phases calculated from the diurnal harmonics point toward an increase in resistivity to 20-70 52 m at depth. A simple consideration of the skin depths at the appropriate periods indicates that the increase in resistivity takes place somewhere between about 100-150 km depth.
The tensor data from SF are more difficult to interpret because of the rapid changes in resistivity predicted for periods less than 4 x 103s. These rapid changes are not physically possible from a one-dimensional model. Although part of the inconsistency may be explained by uncertain corrections for reference station data, this apparently incompatible resistivity variation is not found in the scalar resistivity data. Scalar resistivities and phases at SF are similar to those found at SFA and SFC (Fig. 6) . A nearly constant resistivity of 5-10 52 m is consistent with the data for periods less than 2 x 104s. Apparent resistivities again increase to 20-70 R m for the diurnal harmonics.
These simple average structures are confirmed with more detailed one-dimensional models (6 layers) in which layer parameters are selected by Monte Carlo techniques (Poehls 1975 ).
This procedure obviously gives more details of the resistivity structure in the upper 100 km within bounds assigned to the parameters. Two possibilities are found for the disposition of the low resistivity within the lithosphere. (i) The low resistivity (5-10 52 m) is located within a depth range of 30-100 km. Higher resistivity (greater than 20 52 m) is above and below. (ii) The low resistivity resides in two layers: a thin surface layer and a deeper layer centred around 100 km. These two models cannot be distinguished because of the lack of adequate short period data to resolve structures in the upper part of the lithosphere.
Discussion and summary
The resolution of models in this study is seen to be severely data limited. Important features of the resistivity structure may be located in the upper few tens of kilometres of the lithosphere where the resolving power is lacking due to various problems with data at periods less than about one hour. Crustal structures are not resolved with periods longer than 7-8 min, which is the approximate low-pass cutoff point in the deep ocean, due to the high attenuation within seawater. Unless the oceanic crust has a very low (less than 1 52 m) resistivity, periods as short as 10 s may be required to resolve its structure.
The resistivity models judged to be acceptable by this analysis lie within the stippled area of Fig. 7 . The upper layer down to about 100 km (lithosphere) is believed to have a low average resistivity of about 10 52 m. Below that, the asthenosphere is found to have a higher resistivity of 20-70 52 m.
The crust on young seafloor may be seawater saturated to several kilometres' depth due to hydrothermal circulation and fracturing of rocks due to cooling (Williams et al. 1974; Lister 1974) . It is not certain whether hydrothermal circulation still exists in very old seafloor, or whether the crust remains saturated with seawater. If substantial amounts of seawater do remain in the crust, the resistivity will be substantially lowered. Even if the interstitial water has been transformed by metamorphism and mineralization associated with hydrothermal circulation (Hart 1970 (Hart ,1973 Melson, Thompson & van Andel 1968; Hekinian 1974) , the overall resistivity is expected to be lowered by this process.
Outstanding decreases in resistivity at depths greater than a few tens of kilometres are more likely to involve the presence of a partial melt. Dry peridotites and dunites commonly melt at 1250°C or more, a temperature attained only below 80-100 km depth, except near a spreading ridge crest or locally beneath active volcanic islands. However, melting temperatures are significantly lowered in the presence of water (Green 1973) . For a vapour saturated silicate phase, melting may occur at less than 800"C, temperatures which may be reached at 40-50 km depth within older oceanic lithosphere.
There is little direct evidence on the origirial water content of basalts erupted at the seafloor, and even if there were, the question whether it would be representative of the mantle still remains. The high temperatures of magmas erupted from volcanoes and at ridge crests (Frey, Bryan & Thompson 1974) argues against a water saturated mantle. If the mantle is relatively dry, any region of partial melt within old lithosphere (>SO My) should be at a depth greater than 80 km. The depth to the shear-wave velocity minimum is about 100 km in this area of the North Atlantic (Weidner 1974 ). These observations, although indirect, suggest to us a relatively dry mantle.
On the basis of these arguments, the solid line model in Fig. 7 is perhaps the most plausible geological model. Superimposed upon a thermally-controlled resistivity profie are two layers of low resistivity. The uppermost layer, extending to about 10 km depth, has resistivities about one order of magnitude higher than seawater. The actual value would depend on the porosity and the degree of connectiveness of the interstitial pathways (Shankland & Waff 1974) . As discussed above, our study does not provide any confirming information of structure at such shallow depths. The second conductive layer is located at a depth range (70-100 km) where partial melting may take place. Again, the magnitude of the resistivity depends on the same physical parameters as for the upper layer. It may be interesting that the preferred model is similar in form, although generally lower in resistivity, to one deduced by Winter (1973) for the Rheingraben in central Europe. It must be remembered, however, that this model is not particularly favoured by the data presented here, but only for being more physically reasonable.
Models generated from a few experiments in the deep Pacific show a somewhat different structure. That suggested by Cox et al. (1970, Fig. 9 ) shows high resistivity in the upper 20-30 km, changing to a value of about 1-3 52 m below. In the same region, Greenhouse (1972, Fig. 41 ) deduced a high resistivity (2300 52 m) in the upper 5-10 km, with a transition to a lower resistivity (10-70 52 m) beneath the depth 20-30 km. The deep (> 100 km). resistivity we have deduced for the North-west Atlantic is comparable to that of Greenhouse's. Our preferred model for the upper 50 km differs from both of these previous studies, but we reemphasize that the data are not definitive over this depth range. We also note that the above Pacific studies have been carried out over relatively young seafloor (20-30 My) in comparison to our Atlantic investigations. A more recent study of induction on the Hawaiian Islands (Larsen 1975) gives resistivities similar to those in the Atlantic below 100 km depth; the resolution of the Hawaiian structure is poor above 100 km depth.
The resistivities predicted for the oceanic lithosphere by this study are probably at least one order of magnitude lower than those calculated from expected lithospheric temperatures and the variation of resistivity with temperature for Earth materials. However, the laboratory studies of electrical resistivity are not easily extended to the unknown composition and physical conditions within the Earth. Recent studies have emphasized the importance of mineralogical anisotropy (Duba, Boland & Ringwood 1973) , composition, particularly iron content (Duba 1972) , oxygen fugacity (Duba & Nicholls 1973) , and melting (Presnall, Simmons & Porath 1972) . Each of these variables can result in differences of electrical conductivity in rocks of one to several orders of magnitude. Since these parameters are not accurately known for the upper mantle, any interpretation of electrical resistivity measurements in terms of absolute temperatures must be cautiously considered.
This study further confirms the large differences in resistivity structure between continental lithosphere (Swift 1967) and oceanic. These differences seem to extend to the older oceanic lithosphere covered by this study. They appear larger than can be explained by differing thermal structure beneath continents and oceans, and may represent compositional, physical and/or petrological contrasts between the two regions. These results need to be confirmed in other regions of the oceans, and further careful experimental work carried out on the parameters affecting electrical conduction in rocks.
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